The utility and advantages of the recently introduced twodimensional quadrupole ion trap mass spectrometer in proteomics over the traditional three-dimensional ion trap mass spectrometer have not been systematically characterized. Here we rigorously compared the performance of these two platforms by using over 100,000 tandem mass spectra acquired with identical complex peptide mixtures and acquisition parameters. Specifically we compared four factors that are critical for a successful proteomic study: 1) the number of proteins identified, 2) sequence coverage or the number of peptides identified for every protein, 3) the data base matching SEQUEST X corr and S p score, and 4) the quality of the fragment ion series of peptides. We found a 4 -6-fold increase in the number of peptides and proteins identified on the two-dimensional ion trap mass spectrometer as a direct result of improvement in all the other parameters examined. Interestingly more than 70% of the doubly and triply charged peptides, but not the singly charged peptides, showed better quality of fragmentation spectra on the two-dimensional ion trap. These results highlight specific advantages of the twodimensional ion trap over the conventional three-dimensional ion traps for protein identification in proteomic experiments. Molecular & Cellular Proteomics 4: 214 -223, 2005.
Ion trap mass spectrometers are widely used in proteomic studies (1, 2) . They are rugged, relatively less expensive, and provide good MS/MS 1 capabilities. A number of critical technological features also complement the utility of ion traps in proteomics. For example, software control of ion trap instrument operation has facilitated data-dependent acquisition features and, along with on-line reverse phase separation, has enabled analysis of highly complex peptide mixtures from cells and tissues (3) (4) (5) . Furthermore search tools such as SEQUEST automate the process of assigning uninterpreted fragmentation data to peptides from sequence data bases, making proteomic scale projects feasible (6 -8) .
Despite a number of technological improvements, comprehensive identification of cellular proteomes is not fully realized. This limitation is due in part to the complexity of samples in proteomic experiments where thousands of peptides elute within a narrow window of organic gradient in reverse-phase separation methods (9) . In addition, conventional three-dimensional (3-D) ion traps have a slower scan rate and a limited ion capacity and trapping efficiency (10) . These may contribute toward a reduced number of peptides identified as well as limited quality of fragmentation spectra. Improving the above features of the ion trap mass spectrometers is likely to enhance the identification capability. To address these issues, a new design of the ion trap mass analyzer was introduced, and this is commercially available as LTQ (10) . The LTQ has a quadrupole made of four hyperbolic cross-sectional rods giving it a two-dimensional (2-D) or linear feature. The ions are trapped in an axial fashion as opposed to central trapping on 3-D ion traps. Functional enhancements of this mass analyzer include 15ϫ higher ion capacity, 3ϫ faster scan rate, up to 100% detection efficiency (as opposed to ϳ50% detection efficiency on LCQ Deca), and up to 70% trapping efficiency (as opposed to ϳ5% trapping efficiency on 3-D ion traps) (10) . Most of other features and operations are very much like the conventional 3-D ion traps.
The utility and performance of the 2-D ion trap mass spectrometer (LTQ) in proteomic analyses compared with that of conventional 3-D ion traps have not been rigorously tested to date. Hence we analyzed identical complex peptide mixtures with identical reverse-phase organic gradients on both the 2-D ion trap (LTQ) and a 3-D ion trap (LCQ Deca). We compared over 100,000 MS/MS spectra from the two instruments with respect to the size of the proteome, sequence coverage, data base peptide match scores, and the quality of collisioninduced dissociation (CID) spectra of peptides. We found a 4 -6-fold increase in the number of proteins/peptides identified using the 2-D ion trap mass spectrometer. We also observed significant improvement in sequence coverage and the quality of the CID spectra of multiply charged peptides on the 2-D ion trap, which contribute to higher confidence in peptide/ protein identification and in the size of the proteome defined.
EXPERIMENTAL PROCEDURES
Jurkat T leukemia cell extracts were prepared using a lysis buffer containing the non-ionic detergent maltoside (0.5% n-dodecyl-␤-Dmaltoside, 50 mM Tris-HCl at pH 8, 150 mM NaCl, and 1 mM EDTA). 40 g of total protein extracts were resolved on a 10% NuPAGE gel (Invitrogen), and slices corresponding to the molecular mass range of 45-51 and 51-64 kDa were excised. Four such slices for each molecular mass range were pooled together and subjected to in-gel trypsin digestion, and the resulting tryptic peptides were extracted as described previously (11) . The extracted tryptic peptide mixture was divided back into four equal samples to give identical tryptic peptide mixtures and analyzed both on LCQ Deca (a conventional 3-D ion trap) and LTQ (a 2-D ion trap) with different acquisition protocols as described below. The LCQ Deca was equipped with an in-house nanospray source, and the LTQ was equipped with a commercial nanospray source (Thermo Finnigan, San Jose, CA). Samples were loaded by means of a microautosampler (Famos, LC Packings, Sunnyvale, CA) onto an 11-cm ϫ 100-m fused silica capillary column packed in house with reverse-phase C 18 material (5-m, 100-Å Monitor C 18 beads from Column Engineering, Ontario, Canada). The capillary column also served as the fritless emitter for nanospray (12) . An organic solvent gradient was delivered through an HP1100 pump (Agilent Technologies, Palo Alto, CA) at a final flow rate of ϳ500 nl/min. Peptides were eluted with a linear gradient from 100% solvent A (5% acetonitrile, 0.4% acetic acid, and 0.005% heptafluorobutyric acid in water) to 10% solvent B (0.4% acetic acid and 0.005% heptafluorobutyric acid in acetonitrile) in 10 min and then to 45% solvent B in 64 min. Each full MS scan was followed by two, five, or nine MS/MS scans of the most intense full MS scan peaks (henceforth referred as "top 2," "top 5," and "top 9" protocols, respectively). The dynamic exclusion feature was enabled to maximize the detection of less abundant peptide ions. Sample loading, gradient delivery, and all the mass spectrometric scan functions were controlled by the Xcalibur software (Thermo Finnigan). The instrument method files and data files are available upon request. CID spectra were searched against a non-redundant human protein sequence data base from the NCI, National Institutes of Health using the SEQUEST software tool on a 16-node (32 processors) Linux cluster (6, 7) . Search parameters included provisions for both unmodified and oxidized methionine (ϩ16 Da) at a peptide mass tolerance of Ϯ1.5 Da and full trypsin specificity allowing one missed cleavage for peptides (the SEQUEST search parameter file is available upon request). SEQUEST peptide matches were considered as true identifications based on the following filtering criteria: ⌬C n (⌬correlation) Ն 0.08 and X corr (cross-correlation) Ն2.0 for 1ϩ, Ն2.2 for 2ϩ, and Ն3.3 for 3ϩ peptides. The SEQUEST summary files were submitted to INTERACT, and most of the comparative analysis was done via the web interface of INTERACT (13) .
RESULTS
We first compared the two ion traps using identical data acquisition parameters. With the scan rate of LCQ Deca (ϳ1 scan/s), the top 2 acquisition protocol usually gives the maximum number of identifications, and using the top 5 protocol resulted in a much lower number of protein identifications. Hence, on LCQ Deca, we chose to analyze the sample only by the top 2 protocol. However, with the ϳ3ϫ faster scan rate on the 2-D ion trap, we also attempted top 5 and top 9 protocols. As shown in Fig. 1 , even with the top 2 protocol, the 2-D ion trap performs ϳ3-fold better in identifying peptides and thereby proteins with stringent scores. Replicate analyses of the same sample using the top 5 and top 9 protocols resulted in a further increase in peptide and protein identification ( proteins and a 5-fold increase in the number of peptides identified with the top 5 scheme (Fig. 1, a and b) . A similar trend was observed when proteins with multiple peptide hits were selected (Fig. 1b) . Overall we observed a 4 -6-fold increase in the number of peptides and proteins identified on the 2-D ion trap when six different complex protein mixtures were separately analyzed.
Proteins identified by a single peptide usually require manual inspection of CID spectra. Confidence in protein identification increases with multiple unique peptides identified. It has been shown before that the false-positive rate decreases dramatically even for proteins identified with two unique peptides (14) . Hence we compared the sequence coverage of proteins identified both on the 2-D ion trap and the 3-D ion trap from the Jurkat T cellular extract corresponding to the 45-51-kDa region. We found that most of the proteins with single peptide identification on the 3-D ion trap were identified with better coverage on the 2-D ion trap (Table I) . For most proteins, the top 5 acquisition protocol on the 2-D ion trap provided further increase in sequence coverage (Table I) . We observed a similar trend in the peptide sequence coverage with five other complex mixtures (data not shown). Thus, on a comparative basis, the 2-D ion trap provides better sequence coverage and thereby increases the confidence in protein identification.
We next compared the identification of regulatory and presumed low abundant proteins on the 2-D and the 3-D ion traps. Working with the faster scan rate and top 5 acquisition protocol of the 2-D ion trap, we identified transcription fac- a Acession numbers in NCBI, SWISS-Prot, or PIR database. b The protein was not identified in this mode of acquisition. c Autocatalysis products from trypsin and peptides from contaminants like keratin were included as they were part of the identical samples analyzed.
tors; kinases; signaling adapter proteins; proteins/enzymes involved in chromatin modulation, vesicular transport, protein translocation, and post-translational modification; and membrane proteins that were not identified on the 3-D ion trap (Table II) . The 2-D ion trap also identified more of the abundant proteins such as the cytoskeletal and structural proteins, metabolic enzymes, heat shock proteins, proteasomal components, ribonuclear proteins, and many housekeeping proteins involved in fundamental functions of transcription and translation (Table I) . Therefore, the 2-D ion trap is more efficient in the identification of potentially less abundant and regulatory proteins. We have substantiated this finding by ex- 
2-D Ion Trap Mass Spectrometer in Proteomics
trapolating the absolute protein abundance of yeast homologs to human proteins (Supplemental Fig. 1 and Tables 1-3 ). Higher X corr scores reflect better matching of acquired CID spectra to peptide sequences in the data base (7). Furthermore higher X corr score filtering criteria for true peptide identification decreases the false-positive rate (14) . Hence we compared the X corr scores of peptides that were identified both on the 2-D ion trap and the 3-D ion trap mass spectrometer. To be unbiased toward specific instruments, we first considered peptides identified both from the 2-D ion trap and the 3-D ion trap using significantly relaxed SEQUEST filtering criteria (⌬C n Ն 0.08 and X corr Ն1.0 for 1ϩ, Ն1.2 for 2ϩ, and Ն2.3 for 3ϩ peptides). We next selected the common peptide pairs with at least one high scoring match (⌬C n Ն 0.08 and X corr Ն1.5 for 1ϩ, Ն2.0 for 2ϩ, and Ն3.3 for 3ϩ peptides). We subsequently compared the X corr score of singly, doubly, and triply charged common peptides identified from the 3-D and the 2-D ion traps. Approximately 80% of the singly charged peptides showed a decrease in X corr score on the 2-D ion trap mass spectrometer (Fig. 2a) . In contrast, more than 70% of the doubly and triply charged peptides showed improvement in X corr scores on the 2-D ion trap (Fig. 2, c and e) . There is an average increase of ϳ0.6 in X corr scores for doubly and triply charged peptides on the 2-D ion trap. This trend is consistent all across the large data set comprising over 100,000 MS/MS spectra.
Remarkable improvement in X corr scores for the doubly charged peptides is likely due to better quality of the CID spectra of these peptides on the 2-D ion trap. We used the S p score, a preliminary score used by SEQUEST to prune the list of peptides to do rigorous cross-correlation analysis, as a quantitative measure of the quality or the information content of the CID spectra. The S p score is based on the number of fragment ions that matches the predicted b and y ions of the peptide in consideration, their relative abundances, and the continuity in the ion series (7). There is a positive correlation (correlation coefficient of 0.59) between "improvement in X corr " and "percent improvement in S p score" on the 2-D ion trap, implying that it gives more informative CID spectra of doubly charged peptides than LCQ Deca (Fig. 2d) . Similar trends were obtained for triply charged peptides (Fig. 2f) . Negative values, indicating the deterioration in X corr , are most striking for the singly charged peptides, while significant improvement is seen for most of the doubly and triply charged peptides (a, c, and e). Similarly combined analysis of the S p score (x axis), which reflects the information content of the CID spectra, with the X corr (y axis) showed improvement for the doubly and triply charged peptides as indicated (b, d, and f, rhomboid symbol). The percentages indicate the distribution of peptides in each of the four quadrants. Improvement in X corr score on the linear ion trap is given as ((S p LTQ Ϫ S p LCQ Deca ) ϫ 100)/(minimum of S p LTQ and S p LCQ Deca ). The lowest minimum of S p scores from the two instruments was used in each case to avoid bias in representation of the data. The protein sample analyzed was derived from the 45-51-and 51-64-kDa gel regions of the Jurkat T cell extracts. 
Surprisingly the 2-D ion trap provides less informative CID spectra for singly charged peptides (Fig. 2b) .
We next examined the CID spectra of several doubly charged peptides in detail by manual inspection. Among the common peptides identified by both the 2-D and the 3-D ion traps, we found that additional b ions and proximal ion series from either the N or C terminus were detected on the 2-D ion trap mass spectrometer (Fig. 3) . It is known that these ions are not produced efficiently during the CID of doubly charged tryptic peptides (15) . However, the 2-D ion trap mass spectrometer detected some of these less abundant fragment ions, providing rich fragmentation information (Fig. 3) . Most of the tryptic peptides (Ͼ90%) ionize as doubly or triply charged peptides under typical solvent condition. Since the 2-D ion trap mass spectrometer provides more informative CID spectra for multiply charged peptides, the confidence in peptide identification is significantly increased for these peptides.
Based on the number of high scoring peptides and proteins identified on the 2-D ion trap mass spectrometer, we anticipated that proteins that were identified by the 2-D trap would encompass all of the proteins identified by the 3-D ion trap. However, the 2-D ion trap identified only 65% of the peptides and 79% of the proteins identified by the 3-D ion trap (Fig. 4a) . Interestingly, when we compared the multiple peptide-hit proteins, the 2-D ion trap identified all but two of the proteins identified by the 3-D ion trap. We made similar observations with data acquired on the 2-D ion trap with top 5 and top 9 acquisition protocols; 55% of the high scoring peptides, 65% of the proteins, and 81% of proteins identified by multiple unique peptides were common to the two data sets (Fig. 4b) . Similar observations have been reported with replicate analyses of complex tryptic peptide mixtures (16, 17) . We attribute the poor overlap in peptides to overwhelming complexity of the sample and data-dependent and dynamic exclusion features of acquisition protocols.
DISCUSSION
Our analyses based on Ͼ100,000 MS/MS spectra clearly favor 2-D ion trap instruments such as LTQ for proteomic analyses. Overall we found a 4 -6-fold increase in the number of peptides/proteins identified on the 2-D ion trap mass spectrometer (Fig. 1) . As observed with some of our samples, this enhancement is more than what can be expected from an ϳ3ϫ faster scan rate of the 2-D ion trap. We believe that additional enhancement in the number of peptides/proteins identified is attributable to improvement in SEQUEST X corr scores, which is the direct result of improvement in the quality and information content of CID spectra of doubly and triply charged peptides on the 2-D ion trap (Fig. 2) . The 2-D ion trap mass spectrometer allowed the detection of some of the less abundant fragment ions, providing more fragmentation information (Fig. 3) . This enhancement in sensitivity is likely due to improved trapping efficiency and ion capacity of LTQ (10) . On a comparative basis, the 2-D ion trap also provided better sequence coverage (Table I) . Thus, the 2-D ion trap mass spectrometer contributes both to confidence in peptide iden- tification and the size of the proteome defined. Moreover, by identifying more regulatory proteins, the 2-D ion trap also provides more information critical for biological discovery (Table II, Supplemental Fig. 1 , and Supplemental Tables 1-3) .
We have also explored the dynamic range of these two platforms and found that the 2-D ion trap has superior internal dynamic range in MS/MS spectra and improved peptide detection. For the internal dynamic range of MS/MS spectra, we compared the lowest and the highest fragment ions of a standard peptide, angiotensin I. The 3-D ion trap (LCQ Deca) showed an internal dynamic range of ϳ1:40, while the value for the 2-D ion trap (LTQ) was ϳ1:1000. Similar results have been reported for the 2-D ion trap (22) . For several standard peptides, we observed a detection limit of ϳ300 amol on the 3-D ion trap with the selected ion monitoring and selected reaction monitoring scan modes. The 2-D ion trap detection limit, however, is ϳ500 zmol. This data is consistent with recent report demonstrating 550 zmol detection of angiotensin I on the LTQ mass spectrometer (22) .
In this study, we did not utilize all of the available ion traps such as the newer Agilent 3-D ion trap (MSD Trap XCT Plus) or the Finnigan LCQ Deca XPϩ. The Finnigan LCQ Deca XPϩ scans significantly slower than LTQ and is only about 25% faster than the LCQ Deca. However, the scan rate of the Agilent MSD trap is comparable to that of the Finnigan LTQ. Accordingly the theoretical identification capacity of this mass spectrometer should be comparable to that of LTQ 2-D ion trap. Therefore, we cannot make a sweeping generalization that the 2-D ion traps are better than the 3-D ion traps.
Peptide identification capacity is limited by the scan rate of the mass spectrometers as well as by the chromatography time window where all the peptides elute. If most of the peptides are eluting within a 35-min window and if the 2-D mass spectrometer performs ϳ2 MS/MS scans/s (top 2 protocol), the identification capacity is roughly 4200 peptides (35 min ϫ 60 s ϫ 2). The identification capacities of the top 5 and top 9 methods are slightly increased due to the increasing MS/MS scan rates of 2.75 and 3 scans/s, respectively. Similarly a 3-D ion trap such as the LCQ Deca with the top 2 protocol will allow the identification capacity of 1260 peptides (35 min ϫ 60 s ϫ 0.6 MS/MS scan/s). The increase in the number of peptides identified scales linearly with the increase in the theoretical identification capacity of the 2-D ion trap except for the top 9 acquisition protocol (Fig. 1) . The list of the most intense parent ions for sequencing attempts is updated more frequently in the top 5 protocol (once every ϳ2 s) than in the top 9 protocol (once every ϳ3 s). Working in a data-dependent fashion, the top 5 scheme has a better chance of picking the most intense ions at any instance of time. With higher order "top n" acquisition protocols, the co-eluting peaks and their respective intensities may change significantly from the survey scan. Therefore, a number of MS/MS attempts may not yield high quality CID spectra when the signal to noise ratio of the peptide peaks become much lower than the survey scan. Moreover the increase in theoretical identification capacity of the tandem mass spectrometer begins to saturate. Due to these reasons, beyond a certain top n protocol, an increase in the theoretical peptide identification capacity of the ion trap does not translate to an increase in the number of peptides identified.
Further improvements in the scan rate of tandem mass spectrometry approaches are needed to handle the complexity of cellular proteomes. The human protein sequence data base has ϳ5000 proteins between 45 and 51 kDa, which give rise to ϳ60,000 tryptic peptides within the m/z range detectable by ion traps. Repositories of serial analysis of gene expression (SAGE) data and cDNA libraries of various tissue and cell types suggest that, on average, ϳ25% of the genes in the human genome are expressed in cells. Even if we make a conservative estimate that only half of these expressed proteins are adequately abundant, our samples had ϳ7500 analyzable tryptic peptides above femtomole amounts. This is more than the theoretical identification capacity of the 2-D ion trap-based proteomic platform. With the consideration of post-translational modifications, complexity reaches combinatorial proportions. Thus, complexity of the proteome is going to remain a challenging issue. Alternatively peptide identification based on accurate and high resolution mass measurement along with certain constraints may hold the promise (18) .
We were quite surprised by the observation of incomplete overlap between the proteomes defined by different acquisition protocols on the 3-D and 2-D ion trap mass spectrometers (Fig. 4) . Although we used stringent X corr filtering criteria, the presence of false-positive peptides may be partially contributing to the poor overlap of peptides. However, the presence of potential false-positives is not the main reason for the incomplete overlap. We attribute the poor overlap to a combination of the following factors: 1) overwhelming complexity of the samples, 2) data-dependent and dynamic exclusion features of acquisition protocols, and 3) variation in chromatographic elution of peptides. These add random character to the process of ion selection for sequencing attempts. Thus, during replicate analyses different sets of ions are selected for and then excluded from MS/MS attempts. The randomness in ion selection is further pronounced due to complexity of samples. As described earlier, our samples were very complex, and as a result, a considerable number of multiple peptide-hit proteins, which are likely to be quite abundant, were not identified (Fig. 4b) . Similar observations and explanations are found in the literature wherein replicate analyses were carried out with complex tryptic peptide mixtures (16, 17) . If the samples are less complex than the identification capacity achievable by the proteomic platforms, we anticipate a more complete overlap in replicate analyses. From our results, it is clear that even the 2-D ion trap mass spectrometer does not identify all or most of the analyzable peptides and also fails to identify all the peptides identified by the 3-D ion trap mass spectrometer. Estimating the complexity and then using suitable fractionation and enrichment techniques are more likely to provide biological leads and insights (19) .
Different SEQUEST scoring criteria have been used before along with the inclusion of partially tryptic peptides as true identifications (8, 14, 20, 21) . The following filtering criteria were reported to give less than 1% false-positives for fully tryptic peptides based on reverse data base testing in the case of yeast proteome: ⌬C n Ն 0.08 and X corr Ն2.0 for 1ϩ, Ն1.5 for 2ϩ, and Ն3.3 for 3ϩ peptides (14) . However, the above criterion for doubly charged peptides yielded a lot of false-positives in our case when we validated the identification using the protein molecular weight information and manual inspection of the spectra. The likely reason for the high occurrence of false-positives with the above X corr score criterion may be due to the complexity of the human proteome, which is at least 5 times larger than the yeast proteome. Hence we chose a more stringent filtering criterion of X corr Ն 2.2 for doubly charged peptides.
2-D ion trap designs have been incorporated into hybrid mass analyzers. In one such hybrid mass spectrometer, the 2-D ion trap LTQ acts as the front end of a Fourier transform ion cyclotron resonance mass analyzer with features to operate both mass analyzers simultaneously (22) . Thus, high mass accuracy of Fourier transform ion cyclotron resonance mass analyzers can be combined with other advantages provided by 2-D ion traps to increase both the size of the proteome identified and confidence in peptide identification (23) . In another hybrid instrument, the third quadrupole of a triple quadrupole instrument was designed to function either as a conventional quadrupole mass filter or as a liner ion trap enabling novel scan features to characterize post-translational modifications (24) . Also, in two recent studies, the 2-D ion trap was used to perform novel MS3 (second MS/MS scan of the most intense fragment ion from the first MS/MS scan) scan functions for phosphoproteomic applications and also to further increase the confidence in peptide identification (25, 26) . It has also been used to explore a novel tandem mass spectrometry approach termed electron transfer dissociation of peptides (27) . Apart from routine identification and profiling studies, we have begun to use LTQ for quantification studies due to its improved dynamic range and sensitivity (22) . Thus, 2-D ion traps promise to be of valuable utility in proteomic studies for complex biological samples where more efficient protein identification, protein quantification, and determination of post-translational modification are required.
